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Abstract.  Autocrine  expression of a  growth  factor and 
its  receptor in the  same cell  raises the possibility of an 
intracellular  receptor-ligand interaction  within  the cell, 
in addition  to a  receptor-ligand  interaction  at the cell 
surface.  We have constructed  a  NIH3T3 cell line 
which  contains  the v-sis gene under the  inducible  con- 
trol of the Drosophila  melanogaster hsp70 promoter. 
Expression of both v-sis RNA  and  protein  is rapidly 
induced  by a  short period of heat-shock.  We have ana- 
lyzed the cellular site of interaction  between  the v-sis 
protein  and  the platelet-derived growth  factor receptor 
in  these cells.  Autophosphorylation  of the PDGF 
receptor and  induction  of the c-fos  gene were found to 
occur at 45  and 50 min,  respectively, after heat- 
induced  synthesis of the v-sis protein.  Monensin  treat- 
ment of the  heat-induced  cells prevented autophospho- 
rylation of the  mature PDGF  receptor and also 
prevented subsequent  induction  of c-fos.  Autophospho- 
rylation of the PDGF  receptor and c-fos  induction 
were also prevented by the addition  of suramin to the 
medium.  These results demonstrate that autocrine 
stimulation,  as monitored by c-fos  induction  and by 
PDGF  receptor autophosphorylation,  requires  an inter- 
action between the v-sis protein and the PDGF  recep- 
tor that occurs at the cell  surface,  rather than an  intra- 
cellular location. 
T 
HE intrinsic relationship between malignant transfor- 
mation and normal cellular growth factors is now well 
established. This relationship is explicitly described in 
the autocrine model of transformation in which the continued 
proliferation of a cell is dependent upon synthesis of a growth 
factor by the  same cell.  This model  was first advanced to 
account  for the production of transforming growth factors 
(TGFs) t by murine  sarcoma virus-transformed  cells  (De- 
Larco and Todaro, 1978; Sporn and Todaro, 1980). The sub- 
sequent discovery that simian sarcoma virus (SSV) encodes 
a protein homologous to the B chain of platelet-derived growth 
factor (PDGF-B) provided strong evidence for the role of au- 
tocrine growth factors in transformation (Waterfield et al., 
1983;  Doolittle et al.,  1983). 
The central feature of the autocrine model is the coexpres- 
sion in the same cell of a growth factor and its receptor. The 
cellular location of the receptor-ligand interaction is an im- 
portant question.  All growth factors and their receptors are 
synthesized  on  membrane-bound  polysomes  and  translo- 
cated into the lumen of the rough endoplasmic reticulum as 
nascent polypeptide chains.  From the RER, growth factors 
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and their receptors are transported to the cell surface through 
the  Golgi  stacks  and  secretory  vesicles (Farquhar,  1985). 
Although  the  signals  that  direct  the  transport  of proteins 
through the Golgi and secretory vesicles to the cell surface 
are not well understood,  it is likely that growth factors and 
their  receptors  use  the  same  mechanism  for  cell  surface 
transport and presumably are present within the same mem- 
brane vesicles during transport (Goding, 1982; Strous et al., 
1983). 
The availability of cDNA clones encoding various growth 
factor molecules has allowed direct testing of the autocrine 
model. Expression of a cDNA encoding human TGF-alpha 
(Rosenthal et al., 1986), or a synthetic gene encoding human 
epidermal growth factor (EGF) (Stern et al.,  1987)  in Rat-1 
fibroblasts results in anchorage-independent growth and tu- 
mor formation.  However, expression of human TGF-alpha 
was not sufficient to transform NIH3T3 cells (Finzi  et al., 
1987),  indicative of different growth factor requirements of 
the  respective cell  lines.  Expression of a  cDNA encoding 
granulocyte  macrophage  colony-stimulating  factor  (GM- 
CSF)  in  GM-CSF-dependent  myeloid cells  results  in  au- 
tonomous growth in vitro and leukemia in vivo (Lang et al., 
1985).  Coexpression of the  genes encoding  human  CSF-1 
and the human CSF-1  receptor (the c-fins gene)  in  murine 
fibroblasts also results in autocrine transformation (Retten- 
meier et al.,  1987). 
The possibility that an intracellular receptor-ligand inter- 
action occurs within the cell has been probed by the addition 
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medium. The ability of these antibodies to inhibit cell growth, 
morphological  tranformation,  and  anchorage-independent 
growth allows the inference that the receptor-ligand interac- 
tion occurs at the cell surface. Anti-TGF-alpha antibodies in- 
hibited anchorage-independent growth of TGF-aipha-trans- 
formed rat fibroblasts (Rosenthal et al.,  1986).  A  similar 
result was obtained with the addition of anti-EGF antibodies 
to the culture medium of EGF-transformed rat  fibroblasts 
(Stern et al.,  1987).  A mAb against bombesin inhibited the 
anchorage-independent growth and tumorigenicity of small 
cell lung carcinoma cell lines (Cuttitta et al.,  1985). In these 
systems, a receptor-ligand interaction at the cell surface is 
clearly required for autocrine transformation. 
In other autocrine systems the results of similar experi- 
ments  have been ambiguous.  The addition  of either anti- 
PDGF IgG or suramin to the medium of SSV-transformed 
primary human fibroblasts resulted in an inhibition of growth 
and reversion of morphological transformation (Johnsson et 
al.,  1985; Betsholtz et al.,  1986).  However, the addition of 
anti-PDGF IgG to the medium of SSV-transformed NP1 cells 
had no effect on the growth of these cells, and only a partial 
effect on the growth of NRK or NIH3T3 cells transformed 
by SSV (Huang et al.,  1984). Likewise, anti-PDGF IgG did 
not inhibit the growth of a human osteosarcoma-derived cell 
line which had demonstrable levels of synthesis of both a 
PDGF-related protein and the PDGF receptor (Betsholtz et 
al.,  1984). In another autocrine system involving the coex- 
pression of human CSF-1 and its receptor in NIH3T3 cells, 
the addition of anti-CSF antibodies to the medium inhibited 
the growth of cell lines which produced low levels of CSF-1, 
while only a partial inhibition of growth was obtained for cell 
lines which produced high levels of CSF-1  (Rettenmeier et 
al.,  1987).  These  results  for autocrine systems  involving 
both PDGF and CSF-1  suggest that a portion of the recep- 
tor-ligand interaction can occur in a cellular compartment 
which is not accessible to antibodies. Finally, the complete 
failure of anti-GM-CSF antiserum to inhibit the growth of 
GM-CSF-transformed cells provides one example of a re- 
ceptor-ligand interaction in a compartment that is inaccessi- 
ble to reagents added to the culture medium (Lang et al., 
1985). 
In spite of the use of this experimental approach, it none- 
theless represents an indirect method for examining the cel- 
lular site of receptor-ligand interaction. In this study, there- 
fore, we have undertaken a more direct examination of the 
receptor-ligand interaction in an autocrine system by making 
use of a rapidly inducible promoter, the hsp70 promoter from 
Drosophila melanogaster, to regulate expression of the v-sis 
protein. This allows the synthesis of a pulse of growth factor 
which moves from the RER through the Golgi apparatus and 
to the cell surface. Two criteria, tyrosine phosphorylation of 
cellular proteins and activation of transcription of the c-fos 
gene, were used to monitor the receptor-ligand interaction. 
In some experiments, we used monensin to block transport 
from the Golgi apparatus to the cell surface (Tartakoff,  1983). 
The results of these studies suggest that autocrine stimulation 
requires  an  interaction between  the  v-sis protein and  the 
PDGF receptor, which occurs at the cell surface rather than 
at an intracellular location. 
Materials and Methods 
Construction of Plasmids and Cell Lines 
A plasmid, pHAP, which contains the D. melanogaster hsp70 promoter as 
a 640-bp Sal I-Hind III fragment was obtained from H. R. B. Pelham (Dud- 
ler and Travers, 1984).  This plasmid was linearized at the unique Sal I site 
and the 5' overhang treated with the Klenow fragment of Escherichia coli 
DNA polymerase I in the presence of the four deoxynucleoside triphos- 
phates.  An 8-mer Cla I  linker was ligated onto the resultant blunt-ended 
plasmid DNA using T4 DNA ligase to generate pMHI18, pMHII8 was lin- 
earized at the Hind III site and the 5' overhang treated with Klenow fragment 
and the deoxynucleoside triphosphates. The DNA was recur with Cla I and 
the fragment containing the hsp70 promoter was isolated, pMH29 contains 
the v-sis gene as an Xho I-XhoI insert in the SV40 late expression vector 
pJCll9  (Hannink  and  Donoghue,  1986a).  pMH29  was  linearized  with 
Bam HI and the 5' overhang was made blunt by treatment with Klenow frag- 
ment and the deoxynucleoside triphosphates. The plasmid DNA was recut 
with Bst EII and a 750-bp fragment containing the 5' portion of the v-sis 
gene was isolated. A Bst EII-Cla I fragment from pMH29 containing the 
3' portion of the v-sis gene and bacterial vector sequences was also isolated. 
A  tripartite  ligation of these fragments (two from pMH29 and one from 
pMHll8) gave pMHII9. The structure of this plasmid was confirmed by re- 
striction mapping. 
NIH3T3  cells  were  transfected  with  10  ~tg  of pMHI19  and  1  lag of 
pSV2gpt using the calcium phosphate coprecipitation technique (Graham 
and Van der Eb,  1973).  The cells were split 1:20 the day after transfection 
and shifted to HAT medium containing mycophenolic acid 3 d after transfec- 
tion (Mulligan and Berg, 1981). The cells were carried for 2 wk and 16 cell 
clones were picked using cloning rings. These cell lines were analyzed for 
the presence of the v-sis protein after heat induction and recovery. Three 
positive cell lines were identified and one of these, HS-9, was subjected to 
single cell cloning to obtain the HS-9.1  cell line. 
Both NIH3T3 cells and HS-9.1 cells were grown in DME containing 10% 
calf serum. For the induction experiments, HS-9.1  cells were typically al- 
lowed to grow to confluency before serum starvation in DME containing 
0.4% calf serum. Serum-free DME was also used to arrest cell growth. The 
cells were serum-starved for 24 h before induction with either heat-shock, 
10%  fetal  calf serum, or  10 ng/ml purified human PDGF (R&D Systems 
Inc., Minneapolis, MN). For heat-shock-induction experiments, an induc- 
tion period of 30 min at 45°C was used unless otherwise noted. To ensure 
that  the  heat-shock  was  as  synchronous as  possible,  the  medium was 
replaced with prewarmed DME immediately before placing the cells in a 
humidified 45°C incubator containing 5%  CO,. We found that this induc- 
tion protocol allowed for maximal induction of the v-sis protein without ap- 
parent irreversible cell damage. 
Metabolic Labeling and Immunoprecipitations 
Cells were  metabolically labeled with 0.1  mCi each of [35S]cysteine  and 
[35Slmethionine in 0.5 ml of DME lacking cysteine and methionine. The 
labeling period was for 1 h, unless otherwise specified. After the labeling 
period, the cells were lysed in Ripa (10 mM sodium phosphate, pH 7.2,  150 
mM NaCI,  1%  NP-40,  1%  sodium deoxycholate,  1%  trasylol, and 0.1% 
SDS).  Cellular debris was removed by centrifugation and antiserum was 
added to the lysates. The sis antisera used were an antipeptide serum raised 
against a peptide corresponding to residues 52-61  of the v-sis protein and 
an antiserum raised against the v-sis protein overexpressed in E.  coli.  The 
immunoprecipitates were formed on ice  for  1 h  and collected with fixed 
Staphylococcus aureus (Boehringer Mannheim Biochemicals, Indianapolis, 
IN).  The bacterial pellets were  washed extensively with Ripa and resus- 
pended in protein gel sample buffer. The samples were boiled for 2 min be- 
fore electrophoresis on SDS-polyacrylamide gels. The protein gels were 
stained with Coomassie Blue to detect the marker proteins and then embed- 
ded with diphenyloxazole to provide for fluorographic detection of 35S-la- 
beled proteins (Bonner and Lasky,  1974). 
Indirect Immunofluorescence 
Cells were seeded onto coverslips 24-48 h before use. Immediately after 
the induction and recovery period, the cells were fixed with 3%  parafor- 
maldehyde, washed in PBS containing 0.1  M  glycine, and permeabilized 
with 0.1% NP-40 in PBS. The coverslips were incubated with the appropri- 
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with rhodamine-coupled goat anti-rabbit IgG (Boehringer Mannheim Bio- 
chemicals) for 20-30 min at room temperature. The coverslips were washed 
and mounted in 90% glycerol/10%  1 M Tris, pH 8.0. The antiserum used 
for detection of the v-sis protein was either anti-PDGF antiserum or the an- 
tibacterial sis antiserum described above. The antiserum used for the detec- 
tion of the c-fos protein was the M2 antipeptide serum previously described 
and was affinity purified against the M2 peptide (Curran et al.,  1985). 
Northern Analysis of  RNA 
Total RNA was isolated by the guanidinium-cesium  chloride method (Chirg- 
win et al.,  1979),  and size fractionated by electrophoresis in  1%  agarose 
gels containing 6% formaldehyde with lx  MOPS buffer (20 mM morpho- 
linopropanesulfonic acid, pH 7.0, 5 mM sodium acetate. 0.5 mM EDTA). 
The  RNA  was  transferred  to  nitrocellulose  (Schleicher &  Schuell  Inc., 
Keene.  NH)  or  nytran (Amersham Corp.,  Arlington Heights.  IL)  mem- 
branes. The membranes were baked in a vacuum oven tbr 1-2 h. wetted in 
water, and put in prehybridization buffer (50%  formamide, 6x  SSPE. 5x 
Denhardts, with denatured salmon sperm DNA present at 200 ~tg/ml)  for 
12 h at 42°C.  The membranes were hybridized to 3-'P-labeled  nick-trans- 
lated DNA probes in prehybridization buffer containing 10% dextran sulfate 
for  12-24 h at 42°C. The DNA probes were nick-translated (Rigby et al., 
1977)  to a specific activity of 1-5  ×  108 cpm/~tg, and 0.2-1.0  x  107 cpm 
were  used per filter.  The membranes were washed first in 25  ml of pre- 
hybridization solution at 42°C, then three times in Ix  SSPE, 0.1%  SDS at 
42°C for 20 min each, followed by three washes in 0.1×  SSPE, 0.1%  SDS 
at 42°C. A final wash in 0.1x  SSPE, 0.1%  SDS at 50°C was occasionally 
used. The blots were exposed to Kodak XAR-5 film in the presence of an 
intensifying screen at  -70°C for 1-3 d. The v-sis probe was a  1.2-kb frag- 
ment derived from the C60 clone of SSV encompassing the entire v-sis cod- 
ing region and  ,~,400  bp of 3'  nontranslated sequences (Gelmann et al.. 
1981). Two differentfos  probes were used. One was a plasmid containing 
the first exon of the mouse c-fos  gene cloned  into pSP65  (Krujer et al., 
1984).  The other probe was a  l.l-kb Pst I  fragment from the v-fi~s  gene 
cloned into pBR322 (Curran et al.,  1982). 
Western Analysis of  Phosphotyrosyl Proteins 
Immediately after the indicated  induction and recovery period,  the cells 
were lysed in boiling protein gel sample buffer containing 0.5 mM sodium 
vanadate, 0.1 mM phenylmethylsulfonyl  fluoride (PMSF), and 1% trasylol. 
The samples were then boiled for 1 rain and sonicated. The samples were 
subjected to electrophoresis on a  10%  SDS-polyacrylamide gel and trans- 
ferred to nitrocellulose membrane by electroblotting at 50 V for 3 h. The 
blot was incubated overnight in TBS (10 mM Tris, pH 7.4,  150 mM NaCI) 
containing 5% BSA and 1% ovalbumin. The blot was then incubated with 
the antiphosphotyrosine antiserum in TBS at a concentration of 3 p_g/ml for 
2 h, washed three times for l0 min each in TBS, washed once in TBS con- 
taining 0.05%  NP-40,  and washed twice  more in TBS.  The blot  was in- 
cubated with 0.1 mCi of L~51-1abeled S. aureus protein A in TBS containing 
5%  BSA and  1% ovalbumin. The blot was washed as before and exposed 
to XAR-5 film with an intensifying screen for 2-4 d at -70°C. The antibody 
was raised against the phospborylated tripeptide of tyrosine-alanine-glycine 
coupled to keyhole limpet hemocyanin (Kamps and Sefton,  1988). 
Results 
Construction of  a hsp-sis Hybrid Gene 
To provide for the inducible expression of the v-sis gene, the 
promoter of the D. melanogaster hsp70 gene was placed 5' 
of the  v-sis  coding  region  (Fig.  1).  All  of the  hsp70 se- 
quences, which are required for its heat-inducible expression 
in mammalian cells (Pelham, 1982), are present in this plas- 
mid, pMH119. The SV40 polyadenylation site was placed at 
the 3' end of the hsp-sis gene to provide for accurate termina- 
tion of transcription. This hsp-sis gene was found to encode 
a  heat-inducible  v-sis  protein  of 30  kD  when  assayed  in 
COS-1 cells in a transient expression assay (data not shown). 
hspTO  ,~G  v-sis  T~, 
R~A  POGF  8 
amp  orJ 
Figure 1. Diagram of the hsp-sis gene. The structure of the plasmid 
containing the hsp-sis gene is shown. The open box represents the 
hsp70 promoter; the RNA transcription start site is indicated. The 
thick line represents the v-sis gene; the initiation and termination 
codons are illustrated. The portion of the v-sis protein that is ho- 
mologous to the B chain of PDGF is also shown. The polyadenyla- 
tion site (A,,) from simian virus 40 (SV40) is located at the 3' end 
of the hsp-sis gene. The remainder of this plasmid, pMHI 19, is de- 
rived from pJC119 (Sprague et al.,  1983) and contains a bacterial 
origin of replication and the fl-lactamase gene as shown, 
The hsp-sis gene was next introduced into NIH3T3 cells 
to develop an inducible model for autocrine growth factor ac- 
tion. NIH3T3 cells contain high levels of the PDGF receptor 
and are readily transformed by the v-sis gene. NIH3T3 cells 
were  cotransfected  with  pMHI19  and  pSV2gpt  (Mulligan 
and Berg,  1981) and selected for resistance to mycophenolic 
acid when grown in HAT media.  16 cell lines were screened 
for the presence of the v-sis protein after heat induction.  To 
induce expression of the hsp-sis gene, a heat-shock period 
of 60 min at 45°C was used followed by a recovery period 
of 60 min at 37°C.  The cells were then labeled with [35S]cys- 
teine and [35S]methionine  and cell lysates were immunopre- 
cipitated with an antipeptide serum directed against the v-sis 
protein. A  protein of 30 kD was immunoprecipitated from 
one of the  cell  lysates,  designated  HS-9 cells.  Single cell 
cloning of this cell line yielded the cell line designated HS- 
9.1, which was used in subsequent studies. Southern analysis 
of chromosomal DNA from the HS-9.1  cell line confirmed 
that the hsp-sis gene was stably integrated into the genome 
at •50  copies per cell (data not shown). 
Inducible Expression of the v-sis Protein in HS-9.1 Cells 
To examine the heat-inducible synthesis of the v-sis protein, 
HS-9.1  cells were subjected to a 30-min period of heat-shock 
at 45°C before metabolic labeling for 60 min at 37°C.  Unin- 
duced  NIH3T3 and  HS-9.1  cells  were  labeled  in  parallel. 
Cell lysates were prepared and immunoprecipitated with an 
antiserum directed against the v-sis protein. A protein of 30 
kD was specifically immunoprecipitated from HS-9.1  cells 
under these conditions of heat-shock and recovery (Fig.  2, 
right  lane).  Immunoprecipitation of this  protein  was  spe- 
cifically blocked by preincubation  of the antisera with the 
cognate peptide (data not shown). This protein was not pres- 
ent in NIH3T3 cells nor in non-heat-shocked HS-9.1 cells. 
Shorter periods of heat-shock (as little as  10 min at 45°C) 
also resulted  in  synthesis of the v-sis  protein,  although  to 
significantly lower levels (data not shown). 
The v-sis protein synthesized after heat induction of HS- 
9.1  cells was biologically active as determined by its ability 
to mitogenically stimulate cells. To demonstrate this, HS-9.1 
cells were serum starved so as to arrest DNA synthesis, after 
which  they were either heat induced,  as above,  or treated 
with PDGF (5 ng/ml) without heat induction.  18 h later, the 
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line. Immunoprecipitates  from either NIH3T3 cells or HS-9.1 cells 
are  shown.  NIH3T3 or HS-9.1 cells  were labeled  with  [35S]cys- 
teine and [35S]methionine for 60 min before cell  lysis and  immu- 
noprecipitation.  Uninduced  cells  were  maintained  at 37°C before 
and  during  the  labeling  period.  The  induced  sample  was  heat- 
shocked  at  45°C  for 30 min  immediately  before  the  labeling  at 
37°C. The cell lysates were immunoprecipitated  with an antiserum 
raised  against  the  bacterially  synthesized  v-sis protein.  The im- 
munoprecipitates  were analyzed with SDS-PAGE and the radioac- 
tive  proteins  were  detected  by  fluorography.  Molecular  weight 
markers are given on the left side of the fluorograph.  The arrow in- 
dicates the v-sis protein,  which is specifically  immunoprecipitated 
from induced  HS-9.1 cells. 
cells  were labeled  with  [3H]thymidine for 2  h,  and the in- 
corporated radioactivity was determined.  The cells,  which 
were heat induced,  incorporated as much [3H]thymidine as 
did the control cells  treated  with  PDGF (data  not shown). 
This  indicates  that  the v-sis  protein  synthesized  in  HS-9.1 
cells after heat induction was active as a mitogen, as expected. 
Cytological Localization of  Heat-inducible v-sis Protein 
The  v-sis  protein  is  initially  synthesized  with  an  NH2-ter- 
minal signal sequence, which directs its translocation across 
the membrane of the rough endoplasmic reticulum (Hannink 
and Donoghue,  1984). A  single N-linked oligosaccharide is 
added to the nascent polypeptide chain during its transloca- 
tion across the RER membrane (Robbins et al.,  1985; Han- 
nink and Donoghue, 1986a). After signal sequence cleavage, 
the v-sis  protein  is transported  to the Golgi apparatus,  and 
subsequently to the exterior of the cell. Indirect immunoflu- 
orescence  experiments  were  performed  on uninduced  and 
heat-induced HS-9.1 cells (Fig. 3).  No staining was detected 
in the uninduced HS-9.1  cells,  while a  strong narrow peri- 
nuclear staining was seen in the heat-induced cells. This pat- 
tern is similar to the perinuclear staining previously detected 
in v-sis-transformed NIH3T3 cells (Hannink and Donoghue, 
1986b),  and  is  consistent  with  a  Golgi  localization.  This 
demonstrates that the short period of heat-shock used to in- 
duce synthesis of the v-sis protein does not result in a gross 
alteration of the cytological location of the v-sis protein. Fur- 
thermore,  the v-sis  protein  immunoprecipitated  from heat- 
induced HS-9.1 cells has undergone cleavage of the signal se- 
quence and is glycosylated in a  similar  fashion to the v-sis 
protein synthesized in a transient expression assay in COS-1 
cells (data not shown), as expected. Thus, v-sis protein syn- 
thesized in the heat-induced HS-9.1 cells appears to localize 
to the same subcellular compartment as v-sis protein synthe- 
sized at normal growth temperatures. 
Kinetics of hsp-sis mRNA Induction 
The heat induction of v-sis mRNA in HS-9.1 cells was exam- 
ined by Northern analysis of total RNA collected from unin- 
duced and heat-induced cells (Fig. 4).  No v-sis mRNA was 
detected in uninduced HS-9.1 cells. After a 30-rain period of 
heat-induction  at 45°C,  there  is an eightfold  increase  over 
background in a v-sis message of 1.4 kb. Maximal levels (25- 
fold) of this message were obtained at 30 min of recovery at 
37°C. The amount of  this heat-induced v-sis mRNA decreased 
at 60 rain of recovery and remained fairly constant through- 
out the 120 min of this time course. The 1.4 kb v-sis message 
corresponds to the size of the mRNA expected to be encoded 
by the hsp-sis hybrid gene.  Transcription  initiation  of the 
hsp-sis mRNA was at the expected start site of the hsp70 pro- 
moter (Pelham,  1982), as determined by Sl-nuclease analy- 
sis  (data not shown). 
Induction of the c-fos Gene in Heat-induced 
HS-9.1 Cells 
Induction  of the  c-los  gene  is  one  of the  earliest  cellular 
events resulting from the stimulation of serum-starved cells 
with PDGE occuring within 5 rain after addition of PDGF 
to  cells  (Greenberg  and  Ziff,  1984;  Kruijer  et  al.,  1984; 
Muller et al.,  1984).  The time course of c-fos induction in 
HS-9.1 cells after heat-induced synthesis of the v-sis protein 
was examined.  HS-9.1 cells were allowed to recover at 37°C 
for various lengths of time after a  30-min heat induction at 
45°C.  A  Northern  blot of total  RNA collected from these 
cells was hybridized to a v-fos nick-translated probe. Induc- 
tion of the 2.2-kb c-fos message was first detected at 50 min 
after heat-induced  synthesis of the v-sis  protein (Fig.  5 A). 
No induction of the c-fos message was detected in NIH3T3 
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and Methods.  An induction period of 30 min at 45°C with a  recovery period of 2  h at 37°C was  used  for the heat-induced  cells, while 
the serum-induced cells were fixed 120 min after serum stimulation. (A) Uninduced HS-9.1  cells stained with anti-sis antiserum.  (B) Heat- 
induced HS-9.1  cells stained with anti-sis antiserum, (C) Heat-shocked NIH3T3 cells stained with anti-fos antiserum. (D) Uninduced HS-9.1 
cells stained with anti-fos antiserum. (E) Heat-induced HS-9.1  cells stained with anti-fos antiserum. (F) Serum-induced HS-9.1  cells stained 
with anti-fos antiserum.  Photographs  were taken  at an automatic  exposure  setting of 3,200.  Bar,  10  I.tm. 
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RNA was collected from uninduced or induced HS-9.1 cells as indi- 
cated.  10 lag of RNA from each sample was analyzed by Northern 
blotting.  The  RNA  was  subjected  to  electrophoresis  on  a  1% 
agarose  gel  containing  6%  formaldehyde  and  transferred  to  a 
Nytran membrane. The membrane was hybridized to a 32p-labeled 
nick-translated DNA fragment containing only the v-sis gene. The 
positions of the 28-S and 18-S rRNAs are shown, and the inducible 
1.4-kb v-sis message is indicated by the arrow. 
cells  exposed  to  a  similar  time course  of heat-shock and 
recovery (Fig. 5 B). Heat shock treatment of HS-9.1  cells did 
not affect the induction of c-fos by serum stimulation (data 
not shown). 
Inducible expression of the c-fos protein was demonstrated 
by indirect immunofluorescence using an antipeptide antise- 
rum which recognizes the c-fos protein (Curran et al., 1985). 
Indirect immunofluorescence was performed on HS-9.1  cells 
that had been heat induced for 30 min and allowed to recover 
for 120 min. An increased level of the nuclear c-fos protein 
was detected  in heat-induced  HS-9.1  cells when compared 
with uninduced HS-9.1 cells or heat-shocked NIH3T3 cells 
(Fig.  3).  The level of induction  of the c-fos  protein in the 
heat-induced  HS-9.1  cells was approximately equal  to  the 
level of induction resulting from serum stimulation of either 
NIH3T3 or HS-9.1  cells. 
Perturbation of CeU Surface Transport and Abrogation 
of  c-los Induction by Monensin 
To examine the  possibility that an  intracellular  interaction 
between the v-sis protein and the PDGF receptor was respon- 
sible for the induction of the c-fos gene in HS-9.1  cells, we 
first determined the effect of monensin on c-fos  induction. 
Monensin is a carboxylic ionophore that specifically disrupts 
trans-Golgi  structure  and  function  (Tartakoff,  1983).  The 
rate of transport of proteins to the cell surface is drastically 
reduced  as  a  consequence  of the  disruption  of the  trans- 
Golgi.  Indirect immunofluorescence of the v-sis  protein in 
HS-9.1  cells  treated  with  micromolar  concentrations  of 
monensin for I h before and during heat induction and recov- 
ery demonstrated a  very distended perinuclear localization 
in contrast to the tight perinuclear staining seen in untreated 
cells (Fig. 7). Northern analysis of RNA collected from heat- 
induced,  monensin-treated  HS-9.1  cells demonstrated that 
monensin treatment is sufficient to prevent the induction of 
the c-fos gene (Fig. 6 A). The blockage of c-fos induction in 
heat-induced  HS-9.1  cells  by  monensin  was  also  demon- 
strated by indirect immunofluorescence of the c-fos protein 
(Fig. 7). Monensin itself does not adversely affect induction 
of the c-fos gene in HS-9.1  cells by either serum (Fig. 6 B) 
or  PDGF  (data  not  shown).  In  fact,  monensin  treatment 
results in a slight increase in the steady-state levels of c-fos 
RNA in HS-9.1  cells that have been stimulated with serum 
or PDGF. Monensin also had no effect on the heat-inducible 
synthesis of the v-sis protein, as demonstrated both by North- 
ern analysis (data not shown) and indirect immunofluores- 
cence (Fig.  7).  These results demonstrate that perturbation 
of the cellular transport machinery of HS-9.1 ceils by monen- 
sin allows heat-inducible  synthesis of the v-sis  protein but 
prevents subsequent induction of the c-fos  gene. 
Suramin Treatment Blocks c-fos Induction 
Since the effect that we observed with monensin might result 
from disruption  of a  particular  intracellular  compartment 
and not from its effect on cellular transport processes,  we 
also examined the ability of suramin to prevent the induction 
of the c-fos gene in heat-induced HS-9.1 cells. Suramin is a 
polyanionic compound that is able to specifically dissociate 
the  v-sis  protein  from the  PDGF  receptor (Garrett et al., 
1984). Treatment of heat-induced HS-9.1  cells with suramin 
abolished the subsequent induction of c-fos expression (Fig. 
6 A). These results demonstrate that disruption of the inter- 
action between the v-sis  protein and the PDGF receptor by 
suramin prevents induction  of the c-fos  gene. 
Phosphorylation of CeUular Proteins on Tyrosine in 
Heat-induced HS-9.1 Cells 
Although induction of c-fos expression occurs very soon af- 
ter addition of PDGF to cells, it is an indirect measure of the 
interaction between the v-sis protein and the PDGF receptor. 
Binding  of PDGF  or  the  v-sis  protein  to  the  cell-surface 
PDGF receptor results in activation of the tyrosine protein 
kinase activity of the PDGF receptor (Ek et al.,  1982).  As 
a result of this activation, a number of cellular proteins are 
phosphorylated on tyrosine, including the PDGF receptor it- 
self (Cooper et al.,  1982;  Heldin et al.,  1983).  To examine 
the  interaction  between  the  v-sis  protein  and  the  PDGF 
receptor in a more direct fashion, phosphorylation of cellular 
proteins on tyrosine in heat-induced HS-9.1 cells was exam- 
ined by immunoblotting with an antiphosphotyrosine antise- 
rum  (Fig.  8  A).  A  protein  of ~180  kD  is  strongly  phos- 
phorylated  on  tyrosine  after  45  min  of recovery  after  a 
30-min heat induction. A protein of similar size was detected 
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sis ofc-fos induction in HS-9.1 
ceils.  Total  RNA  was  col- 
lected from HS-9.1 cells after 
the  indicated  induction  and 
recovery periods.  20 lag of to- 
tal RNA was subjected to elec- 
trophoresis  on a  1%  agarose 
gel  containing  6%  formalde- 
hyde and transferred  to a  ni- 
trocellulose  membrane.  The 
membrane was  hybridized to 
a  3-~P-labeled nick-translated 
DNA  fragment  containing  a 
l.l-kb  portion  of  the  v-fos 
gene. The positions  of the 28- 
S and  18-S rRNAs are shown, 
and the c-fos transcript  of 2.2 
kB is indicated  by the arrow. 
(B) Northern analysis of heat- 
shocked NIH3T3 cells.  Total 
RNA  was  collected  from 
NIH3T3 cells  treated  as indi- 
cated.  10 lag of total RNA was 
subjected  to  electrophoresis 
on a  1% agarose gel contain- 
ing  6%  formaldehyde  and 
transferred  to a Nytran mem- 
brane. The membrane was hy- 
bridized  to a -riP-labeled nick- 
translated  plasmid  containing 
the first exon of the c-fos gene 
(Kruijer et al.,  1984). The po- 
sitions  of the  28  S and  18  S 
rRNAs  are  shown,  and  the 
2.2-kb c-fos transcript,  which 
is only inducible by treatment 
with 10% FCS, is indicated by 
the arrow. 
in HS-9.1 cells that were stimulated with 10% FCS or PDGF 
(data not shown). The molecular mass of this protein corre- 
sponds  to  the  mature  PDGF  receptor,  which  is  autophos- 
phorylated upon stimulation with PDGF (Ek et al.,  1982). 
Phosphorylation of the mature PDGF receptor was not de- 
tected in heat-induced HS-9.1  cells pretreated  with monen- 
sin. Instead, increased phosphorylation of a protein of ,~160 
kD  was  observed.  Different  forms of the  PDGF  receptor 
lacking  mature  oligosaccharides  have  been  described  by 
Keating and Williams  (1987).  A  normal biosynthetic inter- 
mediate was observed of"~160 kD that contains endoglycosi- 
dase H-sensitive N-linked oligosaccharide and that presum- 
ably lacks O-linked glycan. In the presence of an inhibitor 
of mannosidase II, they observed a  second intermediate  of 
'~168  kD.  The  immature  form of the  PDGF  receptor  ob- 
served here probably differs somewhat from either of the two 
intermediate  forms described  by Keating and  Williams,  as 
monensin inhibits terminal processing of N-linked glycans as 
well  as elongation of O-linked oligosaccharides.  However, 
we did not attempt a  rigorous characterization of the oligo- 
saccharides of the  160-kD intermediate  observed  here. 
The addition of suramin to the medium of the heat-induced 
HS-9.1 cells was also able to prevent phosphorylation of the 
180-kD protein (Fig. 8 B). These results suggest that, under 
normal conditions of cell surface transport, the principal in- 
teraction between the v-sis protein and the PDGF  receptor 
occurs at the cell  surface. 
Discussion 
Autocrine growth stimulation is characterized by the synthe- 
sis of both a growth factor and its receptor in the same cell. 
However, the constitutive synthesis of both a  growth factor 
and its receptor in the same cell complicates analysis of their 
interaction. In this study we have circumvented this difficulty 
by the construction of a cell line, derived from NIH3T3 ceils, 
which allows inducible expression of the growth factor. Using 
the derivative cell line, HS-9.1, in which the v-sis gene is ex- 
pressed under the control of the hsp70 promoter from D. me- 
lanogaster,  we have been able to examine the cellular site of 
interaction between the v-sis protein and the PDGF receptor. 
Heat-shock treatment of the parental NIH3T3 cells does not 
result  in  stimulation  of c-fos  expression.  However,  heat- 
induced  synthesis  of the  v-sis  protein  in  the  HS-9.1  cells 
results  in  subsequent  expression  of the  c-fos  gene  and  in- 
creased tyrosine phosphorylation of a  180-kD cellular pro- 
Hannink and Donoghue Autocrine Stimulation by v-sis Gene Product  293 Figure 6. Effect of monensin and suramin on the induction ofc-fos in HS-9.1 cells. Total RNA was isolated from HS-9.1 cells, which were 
treated as indicated (M, monensin; S, suramin). 20 ~tg of total RNA was analyzed as described in Fig. 5 A legend. (B) Effect of monensin 
on the induction of c-fos in cells stimulated with FCS. Total RNA was isolated from HS-9.1 cells treated as indicated (FCS, 10%  fetal 
calf serum).  10 I.tg of total RNA was analyzed as described in Fig. 5 B legend. 
tein,  corresponding to the mature PDGF receptor.  The time 
courses of these two events  are very similar.  Alteration of 
cellular transport processes by monensin results  in the ac- 
cumulation of the v-sis protein  in the Goigi apparatus and 
prevents  subsequent c-fos induction. Tyrosine phosphoryla- 
tion of the  180-kD protein is no longer detected; instead  an 
immature form of the PDGF receptor (160 kD) is found to 
be phosphorylated in heat-induced, monensin-treated cells. 
Suramin treatment is also able to prevent activation of c-fos 
and phosphorylation of the mature PDGF receptor. 
Stimulation of serum-starved cells by PDGF results  in a 
multitude  of physiological changes,  including "ruffling"  of 
membrane-associated  cytoskeletal  elements  (Mellstrom  et 
al.,  1983),  increased phosphatidylinositol turnover (Habe- 
nicht et al.,  1981), increased phosphorylation of cellular pro- 
teins  on tyrosine (Cooper et al.,  1982),  and  alterations  in 
gene expression (Stiles,  1983). To identify an interaction be- 
tween the v-sis protein and the PDGF receptor, we examined 
two of these events,  tyrosine phosphorylation and induction 
of the c-fos gene. The rapidity with which these two events 
occur after stimulation of cells with PDGF makes them ideal 
for  detection  of  receptor-ligand  interactions.  Autophos- 
phorylation of the  PDGF receptor on tyrosine occurs im- 
mediately after binding ofPDGF (Ek and Heldin, 1982), and 
induction of the c-fos gene has been reported to occur within 
5 min after stimulation of cells with PDGF (Muller et al., 
1984). We have found a similar relationship between the two 
events in heat-induced HS-9.1 cells.  Autophosphorylation of 
the PDGF receptor is first detectable at 45 min after induc- 
tion of the v-sis protein, and increased levels of c-fos mRNA 
are present at 50 min after heat induction. The parallel time 
courses of the two events  suggest that the PDGF receptor is 
activated by the v-sis protein at a cellular location proximal 
to the location of proteins(s) that are involved in signal trans- 
duction from the plasma membrane to the nucleus. 
The principal effect  of monensin on the cell  is a drastic 
reduction  in  the  rate  of cell  surface  transport  (Tartakoff, 
1983). In the presence of monensin, increased phosphoryla- 
tion of an immature form of the PDGF receptor is observed, 
even though there is no consequent induction of c-fos expres- 
sion. Autophosphorylation of this 160-kD form of the recep- 
tor in response to heat induction is significantly increased in 
monensin-treated  cells,  presumably because the  immature 
PDGF receptor accumulates in  the Gotgi apparatus  in  re- 
sponse to monensin, just as does the v-sis protein itself.  Sev- 
eral explanations can be proposed to explain the lack ofc-fos 
induction.  One  possibility  would  be  that  the  immature 
PDGF receptor is incapable of transducing the autocrine sig- 
nal to the nucleus because it is not associated with some re- 
quired substrate.  Another possibility would be that autocrine 
The Journal  of Ceil Biology, Volume  107, 1988  294 Figure 7. Indirect immunofluorescence of monensin-treated HS-9.1 cells. Uninduced or heat-induced HS-9.1 cells were processed for im- 
munofluorescence as described  in Materials and Methods.  (A) Heat-induced HS-9.1 cells stained with anti-PDGF  antiserum.  (B and C) 
Heat-induced HS-9.1 cells treated with monensin before and during the heat induction and recovery protocol stained with anti-PDGF antise- 
rum. (D) Uninduced HS-9.1 cells stained with anti-fos antiserum. (E) Heat-induced HS-9.1 cells stained with anti-fos antiserum.  (F) Heat- 
induced,  monensin-treated HS-9.1 cells stained with anti-fos  antiserum.  An automatic exposure setting of 3,200 was used for the photo- 
graphs.  Bar, 10 Ixm. 
signal transduction can occur from either an intraceilular lo- 
cation or from the cell surface, but monensin specifically in- 
hibits  signal transduction  only from the  intracellular loca- 
tion.  This  would  be  the  case,  for  instance,  if  signal 
transduction from an intracellular location requires that the 
phosphorylated receptor first reach the cell surface.  In the 
monensin-treated cells,  of course,  movement of the  phos- 
phorylated receptor from the Golgi apparatus to the cell sur- 
face would be blocked. 
In this study, we have not directly examined transformation 
by the v-sis gene product in the HS-9.1 cells. Instead, we have 
used the induction  of c-fos  and autophosphorylation of the 
PDGF receptor as indirect measures of an autocrine interac- 
tion between the v-sis gene product and the PDGF receptor. 
The ability of monensin and suramin to prevent activation of 
the  c-fos  gene  in  the  heat-induced  HS-9.1  cells  provides 
strong evidence that autocrine stimulation requires a cell sur- 
face  interaction  between  the  v-sis  protein  and  the  PDGF 
receptor.  This result is consistent with several studies  that 
demonstrated  that  the  addition  of suramin  or  anti-PDGF 
IgG, which can interfere with binding PDGF to its receptor, 
are able to reverse morphological transformation and inhibit 
cell growth of SSV-transformed primary cells (Johnsson et 
al.,  1985;  Betsholtz  et al.,  1986).  However, other  results 
have suggested an intracellular location for autocrine stimu- 
lation.  For  instance,  anti-PDGF  IgG was  unable  to  com- 
pletely inhibit cell growth  in  several other established cell 
lines transformed by SSV. In one study, a direct comparison 
of three different SSV-transformed cell lines was performed 
(Huang et al.,  1984).  The growth of SSV-NIH3T3 cells and 
SSV-NRK cells was only partially inhibited by the addition 
of anti-PDGF IgG, while anti-PDGF IgG had no effect on 
SSV-NP1  cells.  In  another  study,  the  growth  of a  human 
osteosarcoma-derived  cell  line,  which  synthesizes  the 
PDGF-A chain in an autocrine fashion, was not inhibited by 
anti-PDGF  IgG (Betsholtz  et  al.,  1984).  The  inability  of 
anti-PDGF IgG to completely inhibit growth of these cells 
could  be  explained  if an  autocrine  interaction  occurs  in- 
traceilularly  and  is  therefore  not  accessible to anti-PDGF 
IgG added to the exterior of the cell. As an alternative model, 
it is possible that these cells synthesize additional autocrine 
growth  factors,  which  allow  continued  cell  growth  in  the 
presence of anti-PDGF IgG. Our results, which demonstrate 
an autocrine interaction at the cell surface,  favor the latter 
explanation. 
A  similar  requirement  for  cell  surface  localization  has 
Hannink and Donoghue Autocrine Stimulation by v-Ms Gene Product  295 Figure 8.  (A) Time course analysis of cellular proteins  containing  phosphotyrosine in HS-9.1 cells.  HS-9.1 cells were treated as indicated 
before lysis (M, monensin).  SDS-PAGE and immunoblotting  were carried out as described in Materials and Methods.  Total cellular proteins 
were subjected to electrophoresis  on a 10% SDS-polyacrylamide gel.  The proteins  were transferred  to a nitrocellulose  membrane and in- 
cubated  with an antibody specific for proteins  containing  phosphotyrosine, followed by incubation  with  ~25I-labeled S.  aureus protein  A. 
Autoradiography  was used to visualize the phosphotyrosine-containing proteins.  The monensin-treated  sample was analyzed on the same 
protein gel and immunoblot as the other samples  and the photograph shown is a composite to place appropriate  lanes next to each other. 
The upper and lower arrows  indicate,  respectively,  the  180-kD PDGF receptor and the  160-kD  immature form of the PDGF receptor. 
(B) Effect of monensin and suramin on the tyrosine phosphorylation of cellular proteins  in HS-9.1 cells.  HS-9.1 cells were treated as indi- 
cated before lysis and SDS-PAGE (M, monensin; S, suramin).  Immunoblotting was carried out as in A. The upper and lower arrows indicate, 
respectively,  the  180-kD  PDGF receptor and the  160-kD immature  form of the PDGF receptor. 
been demonstrated for the CSF-1 receptor, the cellular homo- 
log of the v-fins oncogene. Disruption of cell surface trans- 
port of the v-fins protein resulted  in reversion of the trans- 
formed phenotype in v-fins-transformed cells (Nichols et al., 
1985). The immature v-fins proteins retained in vitro kinase 
activity, suggesting that the important substrate(s)  were not 
accessible to the v-fins kinase activity. Reversion of the trans- 
formed phenotype of NIH3T3 cells  expressing both CSF-1 
and CSF-1 receptor was obtained for some cell lines by anti- 
CSF-1 serum (Rettenmeier et al.,  1987).  However, it should 
be noted that other cell lines that produced higher levels of 
CSF-1  were  only  partially  affected  by  anti-CSF-1  serum, 
perhaps  due to the difficulty of disrupting  the  receptor-li- 
gand complex completely at high concentrations of ligand. 
In  the  case  of the  EGF  receptor  studied  in  A-431  cells, 
monensin  treatment  resulted  in  an  immature  form  of the 
receptor that was detected at the cell  surface and exhibited 
EGF binding and EGF-dependent autophosphorylation (So- 
derquist and Carpenter,  1984).  However, it is not known if 
ligand binding to this  immature  form of the EGF  receptor 
can lead to autocrine  signal transduction. 
Expression  of the  cDNA  encoding  GM-CSF  in  factor- 
dependent cells results in autocrine growth and transforma- 
tion (Lang et al.,  1985).  Surprisingly,  the addition of anti- 
GM-CSF  to  the  medium  failed  to  have  any  effect  on  the 
growth of the GM-CSF-transformed cells. These cells could 
also proliferate in vitro under conditions in which the level 
of GM-CSF present in the medium was too low to support 
the growth of nontransformed factor-dependent cells.  These 
results  suggest  that  the  receptor-ligand  interaction  in  this 
system occurs intracellularly. 
The basis for our selection of the heat-shock promoter was 
its ability to be rapidly activated after a temperature shift. In 
the experiments reported here,  a brief period of heat-shock 
was sufficient to induce expression of the hsp-sis  gene with- 
out interfering with subsequent analysis of receptor-ligand 
interaction.  The rapid response of the heat-shock promoter 
makes it an attractive candidate for the analysis of other rapid 
'fhe Journal of Cell Biology,  Volume  107, 1988  296 cellular phenomena whose transitory  nature otherwise pre- 
cludes analysis.  Using  this  system,  we have demonstrated 
that autocrine stimulation  by v-sis, as monitored by c-fos in- 
duction and by PDGF receptor autophosphorylation,  requires 
a  receptor-ligand interaction  at the cell surface. 
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